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SUMI\RY

This investiqation has used invertebrate ne(rvous svstems to
elucidate two) basic aspects of central nervouc ionic homeostasis:
neUronol adaptations to ionic; and osmotic stress and ionic homec-
stasis of the brain microenvironment.

The research on the giant- axons of pclywhaetes has established
the important principle that somne nerve czlls can adapt to very large
changes in the composition of their immnediate fluid environment.
These adaptations involve structural Modification- and changes in the
cellular mechanisms which mediate excitat-ion and conduction.

The results of the investigation on the insect central nervous
syztem has shed ight on the pr'csiiyproperties of the blood-
brain interface, which shares some features with the functional
organiza-tion of the marrnalian central nvossystem-i. Thephiooca
inform-.tion obtained has enabledi a physiogical m-olel to be erected
which explains aill of the available exper4imental information and should
be susceptible to further experimental tests.
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T. INT'RODUCI' ION

The research carried out during the periWA of the grant was concerned
with an important and relatively unexplored aspect of neural function:
central nervous ionic homc<stasis. This research has exploited somr, unique
advantages provided by some invertebrate animals by studying the physiological
adaptations of nervous sTystems which are naturally exposed to very large
fluctuations in blxl comx)sition, namely the giant axons of two estuarine
polychaetes (which are directly exposed to massive changes in the ionic and
osMotic concentration of the exLra-axonal fluid) and the iervous connectives
of an insect species (in which ionic homeostasis is achieved by extremely
effective regulation of the extracellular fluid environment of the nerve
cells).

The results of the investigations on the polychaete axons have shown
that nerve cells are not necessarily at the mercy of the composition of their
body fluids and establish the important physiological principle that neurones
may adapt relatively rapidly to massive changes in the osmotic and ionic
cc.;Xsi tion of their immsediate fluid enviro.'nnt.

The results of the studies on the insect preparation have elucidated
and altcrn:-tive p-vysiclogical strategy to the preblc;r of body fluids of
fluctuating composition: the combination of an effective peripheral blood-
brain barrier system and local glial-mediated regulation of the composition
of the brain microenviroment. This strategy is similar, in a nUnLber of
basic features, to that of the manmalian central nervous system and, for this
reason, is a valuable model system for the quantitative studies of the
physiology of central nervous homeostasis. Such studies are of more than
fundamental physiological importance, for an understanding of the mode of
action and the mechanisms of resistance to, insecticidal commounds requires
knYw;ledge of the permeability properties of the blood-brain interface and,
also, of the associated underlying regulatory processes.

In this report account is given of the major findings and conclusions
of the research carried out during the tenure of the grant. First for
the studies of neuronal adaptability and then for the homeostatic mechanism's
in the regulation of the ionic composition of the brain microenvironment.

Nore d.tailed accounts of work can be found in the papers which
have already been published. These are referred to in the text and are
also ited sepairately.

II. NEURONAL ADAPTATIONS TO IONIC AND OSMOCTIC STRESS

T\'o species of estuarine pol~haete worms were used for these studies,
both were shc.n to be euryhaline osmoconformers. The nervous system of
Sabe]la yy, nicillus was found to. experience changes in the osmotic concentration
of the blood, of between 543 and 1236 m-osmol, in response to changing
external salinities (Carlson, Pichon & Treherne, 1978). More extreme fluctuations
occur in the blood of the serpulid, Mercierella enigmatica, the range (between
84 and 2304 m-rosmo.) being the most extreme known for any animal species
(Skaer, 1974a; Benson & Treherne, 1978b).
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a) Lxperiiments on Sabella qiant axons

The giant axonis of Sabelia can wi thstand abrupt hyposnotic dilution of
thle ibathing mledium f rom I4 CtoC- 520 ilYsm, ecuivalent to 50% dilution (Carlson,
Pichon & Treherne, 1978). This is in marked contrast to the irreversible
dam-,age i.ncuri-ed in the- spike generating mechanism of the stenohaline osme)-
conformer-,. Furtherm, ::e, the axons of Sabella are unusual inl showing only
relatively slow electrica-l responses; to abrupt dilutions Of the surroan-ling
fluids (Carlson et al., 19'/8). TLhus the overshoot of the intraceilularly
recorded action po tntial declines slowl%,y anid with a rather comiplex time
course in hyposimotic media, W-t the axons are conventionally dependent upx)n
sodium and the spike is rapidly diinini.rheJ-* in low sod~ium conditions when
the Osmotic concenltrat ionl is maintaine.:d with 'sucroso (Fig. 1) . This effcct,
together with the,, slower rate of p-otassiLLm depolarization observed during
hyposmotic stress as compared with equivalent isos~xtic treatments, suggests
that there is a reduced intracellular access to the axon surfaces when the
osmotic concentration around the nerve is reduced. This could arise from
osmotically--inldUCd swelling of' the surrounding glial processes, and woculd
prcsumcbly provider limite-Id £h;ort-terin, protc'ctinn frtz n the (vcs effr',cc 0 rf
tfluctuat-lons in blcx-Yi osimlr.ali ty.
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In spite o~f this short-term I imitation of access, the giant axons of
ablanevcrtIheless develop a reversible conduct ion block after prolonqedc

expx.)ure to 60%? hy X)Siotir solutions (i.2A) . But the axons are able to
adapt to this situation if the dilution is gradually impo-sed, and wi] 1l then
continue to conduILct action potentiajls (Fig. 2B) .



3

(. ilt)

LL

9(I

00 ~ J -

titl (I II I

o\ jj~. f jl!rt vX 1)S I( e4f i; I I It ill I I m (11 wa-s i i-:1,ipted oI III to (0o

Iivpocrn t ic, A\'W (Il EI cs of Ill ovrci% v 11 kt ionl of til lKio ilc ldil oil lit- rcs ilgk aud

acion 1101(1601I~Cuol41 it] tile $!131t axon1J tAKCI f1011 s-lr-lf on

This hyposmotic adaptation in the giant axons involves an appreciable
reduction in intracellular [otassiumn concentration, as revealed by a comparison
of the changes in resting potential with varying [K+] 0 before and after
adaptation (Treherrn & Pichon, 1978). This reduction is alproxinm-trlv
proportionail to the rxotassium dilution in the extern :J me:diumi, so tI-het a
60% reduction of [K(+]o) is associated with a 69% decline in [K+fl, from 4,,1 n'M
to 340 mrM. This effect ensures that there is no marked change in axonal
resting potential, in contrast with the situation in a iiore extrem-,e conformerIF
Mercierella, in which intracellular potassium is not proportionately reduced
and a marked hyperpolarization results.

The decline in intracellular potassium observed in Sabella axons during
progressive dilution of the external medium does not appear to result from.
axonal swellinj 'and cell dilution (Carlson et al., 1978). -The recorded decline
in [K4f]i during adaptation must, therefore, result frcom a net loss of this
major intracellular- cation f rom the axoplasm, an apparently cm~fon strategy
used by cells to reuILcC the internal osmotic concentration during hyposmotic
stress (cf. Hoffina-n, 1977).

The active membrane in axons from seawater-adapted Sabella is not completely
selective for sodium ions. This is shown by the signifi-cant departure in the
slope of the line relating overshoot to internal sodium concentration from thle
58 mW per decade change in [Na+J 0 predicted by the Nernst relation for an ideal
sodium electrode (Fig. 3). However, in hyposmotically adapted axons the sodlium
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selectivity increases (Fig. 3), a factor which pxrtia]l]y comnjens.ates for
the reduction in sodium gra dient acroFss the axon mnrbranes as the external
fluids are diluted. The overshoot of the action potential is theeby
increas x in hy).-motically-acapt as comr~aured with seawater-adapted
axons at equivalent external sodiumi concentrations (Treherne & Pichon, 1978).
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to rr rmit a maintranance ofi excitabiility uu,::er the rCe'i:nes of limiited os.r~ot-;c
Ste.- exp1x 1. J; c, by-i,' a -d lost os , ,xnfo)yme',. F.J rs tly, the :oions receive
short-term protection by restriction oE the intercllular Cccess to their
surfaces during abrupt hypj.-motic stress. Secondly, there is a substantial
rcd iction in intracellular j]otassium, which is presumably accompanied by on
equivalent loss of intracellular anions (cf. Gilles, 1979) , contributing to
the achievetm:,nt of osmotic cquilihrium with the hlcx:,d or bathing mediuM.
Thirdly, the relative s~xlium perme-)hiity of the active membrane increases
during hypisctic adaptation so as to pertiaily c pensate for the reduction
in external soAi. urn concentrations.

b) ExFjriments on Mercin'J]a giant axons

Despite the very large fluctuations in osmotic and ionic concentration
of the blood experienced by this extreme osmoconformer the giant axons appear
to be unprotected by a recognizab]e bar.rier system. The giant axons are over-
laid only by narrow glial processes which provide an incomplete covering of



axOI11 I1 C (' ~;n~~idtc covering oc-curE; th~e inlteOrcelular
ab, t it! by jt'1)ctitfl A(X);1eX(5NC anld ionic laLknn ee a~r;

to t h' ,III ()IXI) ol4 1--kh -ea %- tcr cjdapted itictivichials (in norm-,l
~~~u1 ~ i !11' LW dl l i I:.1~..nrti te and in those which are hIyrxxL;irti-

c Yl -1 et a . 19712; Ircherne, 1978)

Altu 11! vaI o ct etd I on the extrumve flIuctuatioils in o~tic conce-,ntration
of th, bhxkxi t-,k Z'.y'elIiaons riRvrtheloss exhibit structural specializa-
tiorrM which, 3A is ox~rd enaible dhemi to withstand an appreciable excess
of IntuILI "Ir byb&~~Lcpressure re!-uitinq fromn osmotic imba-lance during
hvN .m~ i Thjese ore 11 dsvcre1h tructures, associ ated with
the >:n;cnoIewhich a;re conn cted- to a network of rieurofilament.s -within
th,- aixon. ihf, provision of regularly, clor;ely-syoced, supports for the
axoilal m'lr2eC pasto he a hi~jhi y effective way of limiting the tension
Oil it by reducinq the rad ,-ius of curvature (--(kaer (A al. , 1 978a) . For examgple,
a flotionV1 NC:2 of internal conccn-tration of 100j -InD: wil~l produce an
internal r~ieof 2.42 x 105 Pa (2.42 x 106 dyn cm)wti agatao
of 15 iem rW Under these Cirurtane it can be calcula5ted tha anl increa-.se

huiircit1  t t xc.1e orthe unstretc!icd axon Lnd roujihl y ecquivae-.ent if the

Of~a~ (1sna IW boor

Theqi'~ ~ of W.irona! Ijze t. :.ccnycornStrategy
Of ITCChicing t") c I reect ro] 'te concenrtra tes during hypas-!otic
adapL, i ion. !-,%:Ith ' xn (i ir 1 973a) , but urlike thr, giant axons
of j2~e~ "Tfl : r & P ,1976) , ti-!e is rein-propartional retention of
both !') ilt si i i-qp w 'r dilution)I Of the external IrediUM

~1oao &Trc1  Ile, 19-1'01,; Fooer e ') E r extle eduction of the
cxtc-ina] io' ncota o: to 25' ill 0l.aa :dy zAn approximate halving
of [XJ j.) and [ )] i *.f ro:1 3 1) to !",- in' Fol furetcssium a-nd 87 to 44 -,,I
for anium ionr

The nyon-i io'.ortianal retention of aspeo lrltirscium ionis is of
critical imlxa Lance in th2 yx;oti ' it. u of thre 1M4rcierella gian-t axons.

iha L; correlA 'I ~i th the.( unui 31; eccIta1:n(3 M)

'Ic ~ i07 lieri ~11'oa13Orn a steecp yu j t!, I. :N rnr;t r.Iox!, which ro) c-Ites -
th- o tnj)I. re ii 1.Otential to r ti o n rcontra;t ion (Carlson &

T . 1977;1 ruo 1,i*,,,-iu, 1 .~

[4jThe nct effe,-t of thte L,.nitivit I'' o th' rrstinq pot .nti al to changes in
-KJ0 And 13nneJ o~ eotit fhIi! that ther- is a proportional

increaise in thr awr-ydicui ajn o xasu ions durinqi hypa-snmatic
djlition (Vnn&T hee,1976k ) . Tikz., ccounat for- the. appreciable hyp-er-
TXolariza tion observ(-JdJu7 i o datzq o of 111f ;-rui erel i giant axons to
dil ution of' the, external Hiii-um (Fig4. 4).
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tile bu-.thin me1dium (beLnroCn 1.'Drchcrne, 1 978,). 'The rcciuct iof in Wij is;
al.i ci ll thle ofO~nZ (.ou)JWain and could, therefore, r esul t Itrum an
inci:c.-Ise inl 110t sodium fflCJUY such) jas Cx~curs in the cjuid coant a>'rn in
sodium-deficient sa-line (11odg(kin & ~ye,1955) .h ei ( (uv. ffl ux
from le cephjalo~xxJ gauint ax~on aup:ars not to be passively ir' cb I Jeo for it-
was found to be ilihitC-d b)), dilUtQe dinitrj ,C 2±enl. it ugc; !7712jht th

increu-sedi sodli-mi efflux is acCCxp--1iced by all Outwalrd ;u 9ve'fmr t (A an intr-
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The research carried out cduying thce tenure of this grant hx3 enabled a
noflK~ to be devised AWch accounts for the available information ob)tained

usinq. cl cr ysioLogical, ill tras tructur-a 1, radio4 sotopic all- fl1ame
photonietric techniques.
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that.l ch tt;it pl iunc'c ]11i ~0 ~I .1,)I. tothc
measured att dc 'i'per ]-(-vc,]1 in the C! N;) -it dej it Ji!t of' onl y 5 1vlicj_;Ii t! I
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The pxerineurial neuroglia and the underlying glial cells are reprc-.ented,.-
in the model, as confluent compa,,)'rtments which allows intra-cellular r~e'~a
of sodium ions, and: other sma1 -water-soluble ions, to occur vija theo cPp
junctions that link adjacent pcorineurial and gli-al uembranes (Lane, Skaer &

Sas,1977; Lane & Swalez, 1978).

According to the model the sodxium content of the perineurial cells -will
be largely determined by the uptake of sodium from the bloo d and it,-
extrus;ion into thoe xtrew-e1 1ular fluid a;nd the blond- by the Na/K pun.mps.
In the abs ence of external scxdium ions there will be a net out-ward mo~vewlr-snt
Of OD-' cat ion cwiosthe cuJterprncl2l 'elreyI1Ketdz
the Na/Nl pulips. Because of the pastulcitod likae ith. the unJerlyinq CLIla
the charnges in intracellular sodiuml concentration) inl the perincourial-
nytoplasrnM will be accompa.:-nied- by ecp-ivakont change iti h dexrgi
elcerits.

The above iwdel also accounts For the inability of external- lithiuml
ions to gain accces's to the a-zon surLucr-s (Schoflield & Treherne, 1978) , deupjite
a suhb-tantial accuIMulatLion of this catiion within the central nervous ti!,sues,2
(13vnnett, JBuchln '& Trchorn, 19'75) . Tlhn inabil it y of lithium to restore 'Lhe
action potentials in) sodium--depleted connecctives implies that this catior;
(which can sub-'stitute for Sodiulm in mi itaining the inward current of the
axonal action potential) must be excluded from the extracellular fluid and,
consequently, contained in the glial cytLoplasm. This is accounted for inl tile
model by the presence of Na/K pumps on the glial membranes for it is kiiiownr that
linked sodiumr pumps, in frog muscle (Keynos & Swan, 1959) and crab neuronecs
(Baker, 1965), will not accept lithiuim ions. The retention of lithium ions
within the central nervous tissues, after prolonged washing in normal salinle
(Benner(,tt et al1., 1975) is expl~ained by the outwa)rdly-dirocted linked sodiiumi pomps
on the outer peorineurial membranes which, similarly, are presumed not to accep~t
lithium ions.
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(c), z1 i a . Ilaif-tittics for rccocety : (a), oS s; (h), ign s ; (r), t i I . 1I res fit'd by linear regivsloit
ont rcct iguar eo-utditvs except for thll brokun lit illi (a) ss hid. a fitted by eye.

We have shown that initial exposure of connectives to sodium-defiCienit
Salin.e roesults in an extremely slow decline in ampl itude of the axonal
action potentials, (Schofie~ld & Treherne, 1978). Felatively rapid recovery
of the action potentials occur on return to normal, high-sodium, saline
(Fig. 9a). Subsequent exposure to sodiuM11-dficient and normal saline
Ix-coiles rapid and syiytetricai (Fig. 9b) . These observations cannot be
accounted for by increased1 interce]llular leakage of todium ions for, as
mentioned above, the action potentials in sodium-depleted preparations
cannot be restored by prolonged exposure to lithium ions (a cation which can
subtitute for Poditim in carrying the inward current of the action potential).



The r5t SJ. shown iii Yig. 9 can be expliiio ie ccordinq to. our vrAiei by a 7
postuL attod intra-cellulai S.odium ror;er vot r which fuc.j!i;to m-Jint.:iin

iO(:VLdtC' UXt raCc] uT Q: scxiufi concentrition:, dur ing rohsc' ixxi to
Exx~iiwit-dc'L uient: sal inc. 'his reser-,Ivoir can b rcchaucird Only re]'aot- ively
,:lowly aind, thus, when uncha:rgecd IlvellienUs of soch urn ions botw, -en tie,
externnj micd jum and the aIxon SurfaQces; aire re ' utivcly raipid, ?ml s-.y'm',itr ical,
but are novertheiless sloaed by a meax iicInhilAtor , I)NP, ;Ind a sod itil
trarislxrt inhibitor, ethacrynic acid.

The po)stulated intracollular sodlium reviris, according to the
model, localized in the linked pxrnuilgiicytoplm, althoug;h it is
poss ible to erect al.ternat ive local izati on, for examplea, in the axop acm
itself. FExperime ,nts are currently in prcjross to identify~ th propos-ed
intracellula .r sod1ium- reservoir. Thes eoc i'at will involvce the, use Of
radi os~od jurn local izat ion in dtre-ratdpreparations, in n~-lcrly~
soIlution, and also, the use of so0diumi-selective microelectrodes.

We are currently using radiosodium to study the exchanges of this
cation across- thre bloo-brain int :rface (JJT,.. Trehornc' & P.1 . SV
(:ar rcst21Lct CanI iri;, (2 riiCr ()1~ i n ci.''rhre 19,hi

1972) thait rapid radiosodiumi fluxo,- oc'cur bevencck~roach ccnti - n'rvaous
t isrsues ani the 1-ba thino me-dium . '.-Na efflux2 IcuS aat'-t: C'

with half-timeLls oL ':-) and 100 soc respcactively. ExtrLa-ax,,aal scx~j i,
regulation is, therefore, a dynaic proc-ess wAich involvos raid konftis

acosthe blo-banintorfzce. 'I Inee I Ie do) not c~pcrto I~ ' Iav
signifiicant SclXiUM-Fsodiun exchanc7e as is r;,'nin saire c-pthel~ l tr - --,oi t
s y -tecasi ,. mectabolic and sodium-transport inibtrshve little- c t11 tjr
rapidly-exchanging coxmponent but slow., the sl~~vecag~ge~.x'tof
radiosO jUJin efflux-. Further experiments will beL directed tnwaird2 1~ ,' tif -
Cation of the rapidly-mcchanging sodlium fraction.

Reen~t research has indicated an involvement of the arincrgic sy:-,tclm
in ion'ic homC_,CStajSjS in the cockroach nervou-s system. We havc slcrwn that
externally-applied octopamine prodluces marke-d changes in extranearenul
potcontiails and al.so onl the am-tplitude of the action potentiails in pi olerrti n:
eXposed(-N to) SOCxiLI-d1Cfi cicnt 'Iln M adOn the rate of axonal cexl'~/Io
in conm.ectivcs in h igh--pootassii saie Ou,,r ~e ij~ycsra o' L~;

tha-t- oLU--Kr inc 'Tey affe,.ct HOl , thpr"t) l Ul'VjLvc tIm I2
nlunra:-1 ''a Ja:1- n!kcJ c)La-:o-dsu ozac 11 .. ci.rynC i
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